We present a theoretical study of a spin field-effect transistor realized in a quantum well formed in a p-doped ferromagnetic-semiconductor-nonmagnetic-semiconductor-ferromagneticsemiconductor hybrid structure. Based on an envelope-function approach for the hole bands in the various regions of the transistor, we derive the complete theory of coherent transport through the device, which includes both heavy-and light-hole subbands, proper modeling of the mode matching at interfaces, integration over injection angles, Rashba spin precession, interference effects due to multiple reflections, and gate-voltage dependences. Numerical results for the device current as a function of externally tunable parameters are in excellent agreement with approximate analytical formulae. PACS numbers: 85.75.Hh, 73.23.Ad 
I. INTRODUCTION
Spintronics has attracted great interest in the scientific community, 1,2 advocating the use of the spin degree of freedom in electronic devices. Combining this idea with mesoscopic transport has stimulated investigations of coherent spin-dependent phenomena. Many proposed device setups exploit the effect of spin-orbit coupling on the carrier motion. 3, 4, 5, 6, 7, 8, 9 The most popular proposal for a coherent spintronic device is the spin field-effect transistor (spin FET) proposed by Datta and Das. 10, 11 It consists of a two-dimensional (2D) electron gas confined in a semiconductor heterostructure that is attached to two ferromagnetic contacts acting as source and drain. Majority-spin electrons injected from the source experience a spin precession due to the Rashba effect 12, 13, 14 if the magnetization direction in the source contact is parallel to the direction of current flow or perpendicular to the plane of the 2D electron gas. Tunability of the spin-orbit coupling strength by gate voltages enables external control of this spin precession and, hence, manipulation of the current transmitted at the second ferromagnetic contact. Besides gate-voltage control of the Rashba spin-orbit coupling experienced by 2D electrons, which has been successfully demonstrated experimentally, 15, 16, 17 efficient injection of spin-polarized electrons from ferromagnetic contacts into the nonmagnetic part of the spin FET is a key ingredient for device operation. The obvious challenges involved in the fabrication of hybrid systems consisting of metallic and semiconducting parts, as well as a physical limitation 18 to the amount of spin injection that can be achieved in the absence of tunnel barriers at the interfaces, have so far prevented the realization of any spin FET device. A possible solution to circumvent these difficulties may be provided by the use of diluted magnetic semiconductors 19 as source and drain. This motivates our present study where we investigate transport through 2D hybrid structures with ferromagnetic contacts realized in semiconductor heterostructures. An important aspect of our work deals with the fact that ferromagnetic (III,Mn)V compounds are intrinsically p-doped, implying that currents are carried by holes rather than electrons. The spin properties of carrier states in the intrinsically p-like valence bands of III-V semiconductors are very different from that in the s-like conduction band. To begin with, several valence bands with different effective masses exist. More importantly, however, spin-orbit coupling in the valence bands has a more complicated structure than that of conduction-band electrons. 20, 21 The aim of this article is a detailed study of an all-semiconductor spin field-effect tran- sistor in which the conducting channel is provided by a 2D hole gas (2DHG). The device structure we propose is depicted in Fig. 1 . A MnGaAs/GaAs/MnGaAs heterostructure is overgrown 22, 23 in the z direction with AlGaAs such that a 2DHG forms at the interface.
In fact, Mn doping is only required within the quantum well formed at the interface to the AlGaAs layer, but the Mn ions outside the well do not disturb. In the proposed setup, source and drain are defined by 2D quantum wells accommodating spin polarized holes. The carriers in the entire 2DHG are subject to the Rashba effect which leads to spin precession.
The strength of the Rashba spin-orbit coupling can be tuned by a gate voltage applied to the top of the sample. 24 The key ingredient for the functionality of the device is the tunable Rashba spin precession in the 2DHG. In Ref. 25 , we studied this part within a simplified model allowing for an analytic treatment, which enabled us to discuss features that are universal for both electron and hole transport. In the present paper, we aim at a more complete numerical treatment of transport through the entire device. The article is organized as follows. We introduce, in Sec. II, the Kohn-Luttinger Hamiltonian for the ferromagnetic and nonmagnetic parts of the semiconductor quantum well.
In the following Section III, we describe the mode-matching technique used to calculate transmission coefficients for transport through the structure. Our results from numerical simulations of transport are presented in Section IV. After discussing the case of only one interface between a ferromagnetic and a nonmagnetic 2DHG, we turn our attention to the full transistor geometry with two ferromagnetic contacts. In the latter case, interference effects appear due to multiple reflections at the interfaces. In Section V, we describe an analytical model that approximates the numerical simulations very well and helps us to understand how the precession length L so depends on the Fermi energy E F in the 2DHG.
In Section VI, we address the response to external gate voltages. The possibility to control the spin precession by a single gate voltage V G that simultaneously modifies Fermi energy and Rashba spin-orbit coupling is discussed in detail.
II. ENVELOPE-FUNCTION DESCRIPTION OF 2D VALENCE-BAND STATES
In this section, we obtain effective Hamiltonians that describe the valence bands in the different regions of the spin FET, namely, the ferromagnetic source and drain contacts doped with Mn 2+ ions and the undoped nonmagnetic channel in between. In all these regions, holes are confined within a 2D quantum well. We use an envelope-function description 26 Bulk systems host heavy-and light-hole bands with total angular momentum j = 3/2.
These bands are degenerate at the band edge and are well separated, due to spin-orbit coupling, from the split-off bands with total angular momentum j = 1/2. In quantum wells, each of these bands is transformed in a sequence of quasi-2D subbands, and the degeneracy between heavy and light-hole bands is lifted. In the following, we are interested in the situation at low carrier concentrations such that only the lowest subbands, one heavy-hole band (HH1) and one light-hole band (LH1), have to be taken into account. This is the simplest realistic case that occurs when the triangular quantum well is narrow enough to sufficiently lift the energy of higher subbands. Inclusion of higher energy subbands, in particular HH2, would be straightforward, but would only lead to higher order corrections.
Indeed, the low hole density typically present in experiments implies that the only occupied propagating modes are in HH1, whose shape is influenced by the band mixing 26 with LH1 and in a negligible way with HH2. Coupling with HH2 would affect the shape of LH1, and therefore only evanescent modes. In the basis of total angular momentum,
the Hamiltonian H 2D reads 26
with
Here we have adopted the momentum-space representation in polar coordinates for the wave vector k = (k cos α, k sin α) in the 2D plane. The quantities E hh1 and E lh1 in Eq. (3) are the subband-bottom energies deriving from the solution of the Schrödinger problem for the triangular well, and the factor N takes into account the scalar product between the envelope functions f hh1,lh1 for the HH1 and LH1 subbands. We observe that in Eq. (2) there is no coupling between LH and HH subbands with the same sign of j z since the corresponding matrix element is proportional to the vanishing integral f hh1 |k z |f lh1 . The effective masses appearing in Eq. (3) are given by
where the two coefficients γ 1 and γ = (γ 2 + γ 3 )/2 are the Luttinger parameters, 29 taken in the so-called axial approximation. 30 In Fig. 2 we show the HH1 and the LH1 subband dispersion relations as a function of the magnitude k of 2D wave vector.
The Rashba spin-orbit coupling arises from the structural inversion asymmetry 12 due to an asymmetric confining potential. It is described by the Hamiltonian
Here, E is the electric field due to the confining potential V con (z), and β is a material parameter. 20, 21 In our system, E = E zẑ , and H rs reads
In Fig. 3 we show the HH and the LH subbands for the nonmagnetic semiconductor as a function of k, obtained by diagonalization of H p = H 2D + H rs . We see that the splitting at small wave vectors is linear for the light-hole subbands but cubic for the heavy-hole subbands.
The Hamiltonian for the ferromagnetic-semiconductor part is given by
We use a phenomenological description of the ferromagnetic semiconductor, in which local moments with S = 5/2 from Mn 2+ ions are antiferromagnetically coupled to the itinerant holes. 31, 32, 33 In a mean-field treatment, combined with a virtual-crystal approximation, 34, 35, 36, 37 itinerant holes experience an exchange field h = J pd N Mn S , where the average Mn-ion spin S has directionn = (cos φ sin θ, sin φ sin θ, cos θ), N Mn is the doping concentration, and J pd describes the coupling strength. This exchange-coupling field is accounted for in H pd = h · σ, where the spin matrices σ in the basis given in Eq. (1) are and
In Fig. 4 we show the HH and the LH subbands in the ferromagnetic-semiconductor contacts as a function of k, obtained by diagonalization of H f . The splitting of the two heavy-hole subbands for small values of k leads to full polarization at low densities. The magnetization direction in the Figure is perpendicular to the 2DHG plane,n = (0, 0, 1).
III. QUANTUM STATES FOR HOLES PROPAGATING THROUGH THE SPIN FET
We calculate coherent transport through the spin FET using the scattering formalism 
which derives from the operator relationv x = ī h [Ĥ,x]. Note that, due to the presence of spin-orbit coupling, the derivative of wave functions needs not to be continuous at x = x 0 . Instead, Eq. (9) guarantees current conservation.
In both the ferromagnetic and nonmagnetic regions, four different channels are available, i = 1, . . . , 4, associated with the four-dimensional Hilbert space of the valence-band subspace under consideration. Let us consider a wave incoming from the ferromagnetic region with wave vector k I i = k I i (cos α, sin α), which is in the ith subband. The wave is partially reflected at the interface to the nonmagnetic region. The wave function in the ferromagnetic source electrode is then
where χ f n are the eigenfunctions of H f in k-space representation, the normalization factor v f n (k n ) is the velocity expectation value computed for the state vector χ f n (k n ), and r i,n are the reflection coefficients to be determined from the matching. The wave vectors k R n = k R n (cos α R n , sin α R n ) of the reflected waves are determined by the following three conditions: a) the modulus k R n is the solution of the implicit equation
b) the angles α R n are derived from the continuity of the momentum parallel to the interface due to translational invariance along that spatial direction; c) among these solutions we allow those that satisfy
The two possibilities correspond to propagating and evanescent modes, respectively.
Similarly, the wave function in the nonmagnetic region is
where t i,n are the transmission coefficients, and all the other quantities in Eq. (12) have the same definitions given for the corresponding quantities in Eq. (11) . The eight coefficients r i,n and t i,n are determined by the two conditions of continuity of the wave function and current conservation, Eq. (9), given that ψ f,p has four components in the total momentum space.
We emphasize that it is important to include all modes even when some of them are evanescent since transmission and reflection at the interface are influenced by tunneling into classically forbidden channels.
IV. RESULTS OF NUMERICAL SIMULATIONS
For our numerical simulations we take J pd = 0.06 eV nm 3 , N Mn = 1 nm −3 and S = 5/2.
The Rashba term is characterized by βE z = 0.05 eV nm, and the Fermi energy is taken as E F = 0.08 eV, which corresponds to a hole density of 4 × 10 16 m −2 . We assume that the leads' magnetization direction is either perpendicular (θ = 0) or within the plane (θ = π/2) of the quantum well.
To clarify the underlying physics, we will approach the full spin FET design step by step.
First, we consider Rashba spin precession for holes transmitted through a single interface between a ferromagnetic and a nonmagnetic 2DHG for a fixed injection angle. Then, we include a second interface with the magnetization of the source and drain electrode being parallel, keeping the angle of incidence for spin-polarized holes still fixed. As a result of the Rashba effect, the total transmission will oscillate as a function of the channel length in the nonmagnetic 2DHG. Finally, we take the full 2D nature of the device into account by adding up the current contributions for all injection angles.
Let us start by considering a single interface between a ferromagnetic and a nonmagnetic 2DHG. In Fig. 5 we show the spin-up and spin-down currents as a function of the distance from the interface in the case of magnetization perpendicular to the plane (n = (0, 0, 1)) and Moreover, the modulation length L so (α) depends also on the injection angle α (not shown in Fig. 5 ). For a realistic sample, integration over all possible injection angles is required.
We will see later that, after integration, the overall modulation length is given by that for perpendicular injection, L so (0).
In Fig. 6 we show results for the case of magnetization direction in the ferromagnetic spins injected into the nonmagnetic 2DHG are then eigenstates of H rs .
We now turn to the simulation of the spin FET transistor, consisting of a finite strip of nonmagnetic 2DHG with two interfaces with ferromagnetic contacts, one at x = 0 and the other one at x = L. Now we have to apply the mode-matching procedure for each interface.
In Fig. 7 , we plot the total transmission through the entire device as a function of the width L of the nonmagnetic region. We find a modulation of the transmission with modulation length L so , which is due to Rashba spin precession. This modulation is superimposed by fast oscillations of the order of twice the Fermi wavelength λ F which are due to interference effects from multiple reflection within the double-barrier structure. 39 As we will see below,
these fast oscillations will be almost always smeared out after integration over the injection angles α, i.e., they will not appear in real 2D devices. Only in the limit of very low hole densities, remnants of these oscillations will be visible.
Finally, we take into account the full 2D nature of the device, i.e., we add up the current contributions for all injection angles. We assume an isotropic angular distribution of injected holes since all our simulations are performed in the linear response regime. As a result, the transmitted current density J/J 0 is given by the formula
where T nm (α) is the transmission probability from channel n to m for holes injected at an angle α. Since the modulation length L so (α) of the transmission is α-dependent, one might expect that the integration washes out the effects of the spin precession. It turns out, however, that oscillations are still visible, although damped. The modulation length of the resulting oscillations coincides with that for perpendicular incidence, L so (0). In Fig. 8 we show the result of the integration operation corresponding to Eq. (13) for magnetization direction in the contact 2DHGs beingn = (0, 0, 1).
V. ANALYTICAL RESULTS FOR TRANSPORT
In this section we show that most features of the numerical results presented in the previous section can be understood within a simplified analytical model. In particular, we derive analytic expressions for the precession length L so (α) and the total current density. A similar model has been already proposed in Ref. 25 , where it was used to discuss universal features of hole and electron spin precession. The approximate formulae derived in this section clearly show how the precession length depends on system parameters and, therefore, allow for a deeper understanding of the underlying physics than looking at the purely numerical results presented in the previous Section can provide.
The model is developed following some approximations that are justified a priori by physical considerations and a posteriori by the comparison between analytical and numerical results. First, we make use of the fact that for typical parameters only the lowest heavyhole subband is occupied. As an approximation we can, therefore, omit all non-conducting subbands from our model. Furthermore, we assume perfect transmission at the interfaces, i.e., we neglect reflection. All Hamiltonians are now represented as 2 × 2 matrices, using the basis (1) restricted to vectors |1 and |4 . The off-diagonal matrix elements are obtained from perturbation theory for the degenerate case. 40 The nonmagnetic 2DHG region is then described by
where β h is proportional to the spin-orbit coupling of holes and is different from the β defined in Eq. (5) .
The corresponding eigenenergies are
with eigenvectors
The spin splitting of the eigenvalues (15) , together with the conservation of the wave vector parallel to the interface, implies the presence of a double refraction phenomenon 39, 41 where a hole wave incident on the interface from the ferromagnet gives rise to two transmitted waves in the nonmagnetic 2DHG having slightly different wave vectors. Their magnitudes k 1,2 are obtained from the implicit equation ǫ 1,2 (k) = E F . Typically, spin-orbit coupling can be treated as a perturbation, which means that we can linearize the expression of k 1,2 in the spin-orbit coupling strength, and arrive at k 1,2 = k 0 ∓ ∆k/2. Here k 0 is the Fermi wave vector in the absence of spin-orbit coupling, and
which explicitly depends on the Fermi energy. The corresponding angles of the transmitted waves' propagation direction with the interface normal are found, again in the limit of weak SO coupling, to be
where α 0 is defined by
Hence, the transmitted hole is described by the wave function c 1 χ 1 e ik 1 (x cos α 1 +y sin α 1 ) + c 2 χ 2 e ik 2 (x cos α 2 +y sin α 2 ) .
By assuming a perfectly transparent interface, we can compute the coefficients c 1,2 simply by matching the wave functions in the ferromagnet and in the nonmagnetic semiconductor. At the interface at x = L to the second ferromagnet, for the case of its magnetization pointing in positive z direction, only the |+ component will be transmitted. Hence, the outgoing state in the right ferromagnet reads e ik F (x cos α+y sin α) cos[∆kL/(2 cos α 0 )]|+ . As a result, the transmission probability is
where we have used the relation ∆k L/2 = γ, and the dependence on α is through α 0 via Eq. (19) . In a similar way we can obtain the transmission probabilities for arbitrary magnetization direction in the ferromagnetic 2DHGs. The transmission probability for inplane magnetization reads
Finally, we can write the transmission for arbitrary magnetization direction as
Equations. (21) (22) (23) cease to be valid once one of the transmitted states in the nonmagnetic 2DHG becomes evanescent, i.e., is totally reflected. This condition defines critical angles α c,{1,2} , that in the limit of weak SO coupling read α c,{1,2} = k 0 /k F ∓ 1 2 ∆k/k F ≈ k 0 /k F = α c . We note that very similar formulae for the transmission can be obtained for electrons. 25 From Eqs. (21) and (22) we find the precession length
which depends on both the injection angle α and the Fermi energy E F . The physical reason for the latter dependence is the cubic spin splitting of the heavy-hole subband. For a 2D device under consideration in this paper, one has to integrate over all injection angles, see
Eq. (13) . The final result reads then
where J 0 is the injected current density, and the functions F (γ) and G(γ) are defined as
cos α sin 2 (3α) sin 2 γ cos α dα .
A good analytical approximation for F (γ) and G(γ) is given in Ref. 25 . The result Eq. (25) describes damped oscillations of the current density as a function of the length of the nonmagnetic part, where the modulation length is given, in agreement with our numerical findings, by the precession length for perpendicular injection, L so (α = 0). Fermi energy. We analyze how the device performance changes when, instead of only a top gate voltage, both top gate and back gate voltages are applied.
We model the effect of the top and back-gate voltages through a linearized capacitance model as shown in Fig. 9 . The capacitance per unit area between the top gate and the point A, where the 2DHG is located, is C A = ǫ 0 ǫ GaAs /d A ∼ 2 × 10 −3 F/m 2 for an effective distance d A = 50 nm between top gate and 2DHG, while the capacitance associated to the variation of the back-gate voltage is C BG = C A /2 for a distance of 100 nm from the 2DHG.
The capacitance between the 2DHG and the source and the drain is well approximated by the quantum capacitance C Q = m hh e 2 /πh 2 ∼ 8 × 10 −2 F/m 2 and is due to the finite density of states in the 2DHG. 42 The variation of the voltage at the point A and of the electric field E z read then
while the variation of the Fermi energy reads
It is clear that variation of only V G (i.e., keeping dV BG = 0) simultaneously changes E z and E F . In order to leave the Fermi level pinned, we have to manipulate both top and back-gate voltages such that dV BG = −(C A /C BG ) dV G . Results of our simulation for the case that only the top-gate voltage is varied (dV BG = 0) is shown in Fig. 10 . 
